It has been recognised for many years that peptidesecreting neuroendocrine cells also have the capacity to take up biogenic amine precursors, decarboxylate them and store the product in secretory vesicles (Pearse, 1969) . In part these properties are attributable to the widespread expression of VMATs in peptide-secreting endocrine cells (Weihe et al. 1994) . Interestingly, inhibition of VMAT activity by reserpine increased the cleavage of secretory peptides including chromogranin A (Watkinson & Robinson, 1992; Wolkersdorfer et al. 1996) , the opioid peptide precursor proenkephalin (Eiden et al. 1. The acidic interior of neuroendocrine secretory vesicles provides both an energy gradient for amine-proton exchangers (VMATs) to concentrate small transmitter molecules, e.g. catecholamines, and an optimal pH for the prohormone convertases which cleave hormone precursors. There is evidence that VMAT activity modulates prohormone cleavage, but in the absence of measurements of pH in secretory vesicles in intact cells, it has not been possible to establish whether these effects are attributable to raised intravesicular pH due to proton transport through VMATs. 1984; Lindberg, 1986; Adams & Boarder, 1987; Wilson, 1991) and the precursor of the gastric hormone, gastrin (Voronina et al. 1997) . In the latter case, cleavage of a 34-residue gastrin (G34) yields a 17-residue peptide (G17); since the metabolic clearance rate of G17 is five times greater than G34 (Walsh et al. 1974) , cleavage leads to lower and more transient changes in plasma concentrations. The mechanisms by which VMAT activity might influence prohormone cleavage are uncertain. In particular it is not clear whether vH + -ATPase activity in intact cells is able to maintain secretory vesicle pH in the presence of VMAT activity, or whether VMAT activity causes a rise in intravesicular pH which is reflected in decreased prohormone convertase activity. The analysis is, in any case, complicated by the fact that secretory vesicle pH falls as vesicles mature (Urbe et al. 1997) , and there has been little attention given to the estimation of pH in vesicles of defined age in intact cells. In order to examine pH in defined populations of secretory vesicles expressing VMAT2 in living cells, we took advantage of a pH-sensitive form of green fluorescent protein (GFP-F64L/S65T) (Kneen et al. 1998) targeted to vesicles in the form of a chimera with preprogastrin ( Fig. 1) . We selected the hamster insulinoma cell line HIT-T15 for these experiments, since (a) these cells exhibit a polarised phenotype, characterised by the extension of processes the terminals of which are enriched in secretory vesicles which facilitates imaging studies, (b) they do not normally express VMATs, so that the consequences of co-expression of VMAT and progastrin are readily observed experimentally, and (c) with regard to progastrin processing they execute a program of post-translational cleavage closely resembling that in normal G-cells (Bishop et al. 1998) . The results presented here show directly, and for the first time, that expression of VMAT2 leads to an increase in secretory vesicle pH, and reserpine-sensitive inhibition of G34 cleavage.
METHODS
DNA constructs and expression vectors A 1.7 kb fragment containing the entire coding region of rat VMAT2 was generated by PCR from rat gastric corpus cDNA and ligated into pGEM-Teasy (Promega, Madison, WI, USA). The insert was excised with Apa 1 and Sal 1 and subcloned into the Apa 1 and Xho 1 sites of pcDNA3.1Zeo (InVitrogen, Groningen, NL), to generate pVMAT2zeo. A preprogastrin-GFP chimera (Gas-GFP) was generated by amplification of the coding region of GFP-F64L/S65T from pEGFP-C1 (Clontech, Basingstoke, UK). Primers were used as previously described (Kneen et al. 1998) , except that an engineered Eco RI site in the sense primer was replaced by an Eco 47III site. The GFP encoding sequence was subcloned in-frame into the expression vector pcDNA3 containing rat preprogastrin (Bishop et al. 1998) , between the Eco 47III site of rat preprogastrin cDNA and Xba 1 in the multiple cloning site. The construct, pGas-GFP, therefore contained the entire coding region giving rise to the COOH-terminal amidated gastrins together with the associated COOH-terminal cleavage site, upstream of, and in-frame with, GFP (Fig. 1 ).
Cells and transfections
Hamster insulinoma cells (HIT-T15) permanently transfected with rat preprogastrin cDNA (HIT-T15/23) (Bishop et al. 1998) were maintained in RPMI 1640 medium supplemented with 11 mM glucose, 10 % v/v fetal bovine serum, penicillin (100 U ml _1 ), streptomycin (100 µg ml _1 ) and fungizone (2.5 µg ml _1 ) (Life Technologies, Paisley, Scotland), at 37°C in 5 % CO 2 . Permanently transfected cells co-expressing VMAT2 and preprogastrin were generated by electroporation of 5 w 10 6 HIT-T15/23 cells in 0.8 ml RPMI medium at 200 V and 1070 µF with 10 µg linearised pVMAT2zeo construct or empty vector. Cells were grown in supplemented RPMI medium for 48 h before selection with G418-sulphate (0.4 mg ml _1 ) (Calbiochem, Beeston, UK) and zeocin (0.75 mg ml _1 ) (Invitrogen). Colonies were screened for gastrin expression by radioimmunoassay (Varro et al. 1990 ) and VMAT2 expression by Northern blotting and immunohistochemistry. Permanently transfected cells expressing Gas-GFP and VMAT2 were generated from the parental HIT-T15 cell line using pGas-GFP and pVMAT2zeo, or pGas-GFP and empty vector, using Transfast lipofection reagent (Promega) and selection in G418 and zeocin. Cells were screened for amidated gastrin, GFP and VMAT2 after fixation using GFP fluorescence and detection of gastrin or VMAT2 by immunocytochemistry.
Northern analysis
Total mRNA was extracted from transfected HIT-T15 cells (3 w 10 6 ) using the Quickprep total RNA extraction kit (Amersham Pharmacia Biotech, Little Chalfont, UK). Total RNA (10 µg) was denatured, loaded onto a 1.0 % agarose-formaldehyde gel run in 1 w Mops at 65 V for 4 h, and transferred to nylon membranes (Roche Diagnostics Ltd, Lewes, Sussex, UK) that were hybridized as previously described with [ 32 P]cRNA probe for VMAT2 (Dimaline & Struthers, 1996) , and the signal analysed using a PhosphorImager (Molecular Dynamics, Seven Oaks, UK).
Immunocytochemistry

Cells (20 w 10
3 ) were plated onto 13 mm poly-L-lysine-coated coverslips and incubated for 24-48 h. In some experiments cells were incubated with the serotonin (5-hydroxytryptamine, 5-HT) precursor 5-hydroxytryptophan (5-HTP, 10 µM), or with the vH + -ATPase inhibitors concanamycin and bafilomycin. Cells were washed Figure 1 . Schematic representation of the organisation of the Gas-GFP chimera The progastrin cleavage sites (filled arrows) are retained in the chimera, and on proteolysis yield the Gly-gastrins which are then converted to the amidated gastrins for which Mab 28.2 is specific. For the generation of the amidated gastrin epitope, cleavage at Arg 94,95 is essential, and this also liberates GFP with two NH 2 -terminal residues derived from progastrin Images were captured using KS300 imaging software (Imaging Associates, Oxford, UK). The rabbit antiserum L450, raised to the synthetic C-terminal decapeptide of VMAT2, was used at 1:300; rabbit antiserum L425 specific for the COOH-terminus of gastrin/cholecystokinin was used at 1:400 and the mouse monoclonal antibody 28.2, specific for COOH-terminally amidated gastrins was used at 1:2000 (gift from J. H. Walsh), TGN-38 antibody was used at 1:100 (gift from George Banting), and anti-5-HT antibody (Dako) was used at 1:50.
Confocal microscopy
Transfected HIT-T15 cells (0.2 w 10 6 ) were plated on 22 mm poly-Llysine-coated coverslips, incubated at 37°C for 18 h, followed by 31°C for 48 h. Coverslips were washed in buffer containing 130 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl 2 .6H 2 O, 20 mM Hepes, 10 mM glucose and 1 mM CaCl 2 (pH 7.4), mounted on a perfusion chamber and visualised under an oil-immersion objective (Nikon Plan-Apo, w 40 N.A. 1.3). Live-cell imaging was carried out on a Noran Odyssey confocal system (Noran Instruments, Bicester, UK) at 20°C. Acidic compartments were initially identified by loading with LysoSensor Blue DND-167 (4 µM) or LysoTracker Green DND-26 (50 nM) immediately prior to imaging and exited with the 363 nm line of the UV laser and 400 nm dichroic (LysoSensor Blue) or 488 nm line of the argon ion laser with 510 nm dichroic (LysoTracker Green). Coverslips were then removed and cells processed for immunohistochemistry as described above. Cells expressing GFP were visualised by excitation at 488 nm with a 510 nm dichroic and 525 ± 45 nm band-pass filter to reduce cellular autofluorescence. A live-cell pH-titration curve was constructed by perfusing cells with buffer containing 125 mM KCl, 20 mM NaCl, 0.5 mM CaCl 2 , 0.5 mM MgCl 2 .6H 2 O, 25 mM of either Mes or Hepes, and 2-5 µM of the ionophores valinomycin and nigericin. The effects of ammonium chloride (5 mM) and reserpine (1 µM) were examined on vesicles of defined age generated by incubating cells at 22°C for 2 h, and then at 31°C for 6 h. In each experiment signals were normalised to the maximum fluorescence at pH 8.0, and fitted to an equation derived from normalised calibration data using FigP (Biosoft, Cambridge, UK), and calibrations after perfusion with 125 mM K + buffered at pH 8.0 and pH 5.0.
Biochemical labelling studies
Cells (3 w 10 6 ) were depleted for 3 h in sulphate-free medium, labelled for 15 min with 100 µCi [
35 S]sulphate (Amersham Pharmacia Biotech), and chased for up to 160 min in RPMI medium (containing ascorbate, 50 mg l _1 ). In some experiments cells were incubated with ammonium chloride (5 mM), amine precursors (5-HTP, and L-DOPA, 12.5 µM) or VMAT inhibitors (reserpine 1 µM, tetrabenazine 1 µM), during the chase. In release experiments, cells were chased for 160 min, and release stimulated with 55 mM K + for 15 min. Progastrin-derived peptides were concentrated as previously described and immunoprecipitated with antibodies to COOHterminal amidated gastrins (Varro et al. 1994) . Precipitates were solubilised and separated by reverse-phase high-performance liquid chromatography (HPLC) on a 300 Å PLRP-S column (8 µm, 150 mm w 4.6 mm) (Polymer Laboratories, Church Stretton, UK) with a gradient of acetonitrile in 50 mM NH 4 HCO 3 with on-line scintillation counting (Canberra Packard, Pangbourne, UK) (Varro et al. 1994) .
RESULTS
Cellular localisation of VMAT2, gastrin and acidic compartments First, we asked whether cells co-transfected with VMAT2 and gastrin co-localised these proteins to acidic secretory vesicles capable of loading biogenic amines (i.e. that the expressed VMAT was functional). In double-labelling immunocytochemistry of co-transfected cells, the distribution of VMAT2 overlapped with that of amidated gastrin, which is the mature product of preprogastrin processing (Fig. 2) . In cells incubated with LysoSensor and LysoTracker dyes, which are sequestered in acidic compartments, the dyes were co-localised with gastrin. To establish the function of VMAT2, cells were incubated with the 5-HT precursor 5-HTP (10 µM), which is converted to 5-HT by the cytosolic enzyme aromatic L-amino acid decarboxylase thereby providing a substrate for VMAT. In VMAT2-expressing cells incubated in 5-HTP for 10-20 min, but not in the parental cell line (not shown), secretory vesicles were labelled with 5-HT, and double-labelling immunocytochemistry co-localised 5-HT with both gastrin and VMAT2 (Fig. 2) . The uptake of 5-HT was inhibited by 1 µM reserpine, and by inhibition of vH + -ATPase with 10 nM concanamycin, or 1 µM bafilomycin (not shown). The data therefore indicate that gastrin and VMAT2 are localised to acidic secretory vesicles, and that VMAT2 is functional.
Targeting of a preprogastrin-GFP chimera to secretory vesicles
In order to target a pH reporter specifically and directly to secretory vesicles containing gastrin, we constructed a chimera of a pH-sensitive form of GFP (F64L/S65T) inserted in-frame and immediately downstream of a rat preprogastrin sequence retaining all but the C-terminal seven amino acid residues. In fixed cells, amidated gastrin and GFP co-localised to secretory vesicles that were abundant in terminal regions (Fig. 3) . In addition, however, there was a perinuclear GFP-rich region in which amidated gastrin was poorly represented. The same region exhibited TGN-38 immunoreactivity and so presumably includes the TGN as well as more proximal compartments of the Golgi complex and endoplasmic reticulum. The amidated gastrin epitope is only liberated after cleavage at Arg 94,95 in secretory vesicles (Varro et al. 1994) , so that preprogastrin acted to target GFP to secretory vesicles where the chimeric protein was cleaved. In cells expressing both Gas-GFP and VMAT2, there was co-localisation of VMAT2 and GFP (Fig. 3) .
To establish that GFP in the terminal regions was derived from the perinuclear zone we made use of the fact that exit of progastrin from TGN is blocked at 22°C (Varro et al. 1994) , while there is continuous unstimulated exocytosis from mature vesicles. We found that after 2-4 h at 22°C there was loss of GFP and gastrin immunoreactivity from the terminal regions, but GFP accumulated in the Golgi complex. When cells were then incubated at 31°C, newly formed GFP-containing vesicles could be observed migrating towards terminal regions, and the vesicle pool in the terminal regions was reestablished within 4-6 h (Fig. 4) .
pH calibration of GFP
The pH sensitivity of GFP-F64L/S65T in the secretory pathway was determined by permeabilising cells with the ionophores nigericin and valinomycin in media containing 125 mM K + over the pH range 5 to 8 (Fig. 5) , thereby equilibrating vesicular pH with that of the external buffer. The resulting calibration curve of GFP fluorescence corresponded closely to that derived for GFP-F64L/S65T previously reported; thus the pK a determined in the present study was 6.03, compared with reports of 5.9 to 6.15 (Kneen et al. 1998; Haupts et al. 1998; Llopis et al. 1998) (Fig. 6) vesicle-enriched terminal region in two clones of GFPexpressing cells was estimated to be 5.68 ± 0.07 and 5.48 ± 0.11 (mean ± S.E.M., n = 10 and 16, respectively). In the region that includes the Golgi complex, the pH in these clones was 6.19 ± 0.08 and 6.06 ± 0.07 (n = 9 and 11, respectively) (Fig. 7) . This region is likely to include the Golgi stack, TGN and some immature vesicles. In cells incubated in 5 mM ammonium chloride, the pH in the terminal regions increased from 5.70 ± 0.17 to 6.55 ± 0.29 (n = 5, P < 0.05, Student's t test), and there was also a significant increase in the Golgi region (6.23 ± 0.09 vs 6.69 ± 0.09, P < 0.05). These data suggest that GFP-F64L/S65T targeted to secretory vesicles can be used as a pH reporter in living cells.
Intravesicular pH after co-transfection of progastrin-GFP and VMAT2
To determine whether VMAT expression was associated with increased intravesicular pH we compared fluorescence in clones expressing Gas-GFP alone, and both Gas-GFP and VMAT2 (Fig. 5) . The pH in secretory vesicles in two clones expressing Gas-GFP and VMAT2 was 6.57 ± 0.11 and 6.72 ± 0.20 (n = 21 and 13, respectively), and was significantly higher than in clones expressing Gas-GFP alone (see above, P < 0.01) (Fig. 7) . Similarly, in the region that includes the Golgi complex, the pH in two VMAT2-expressing clones (6.48 ± 0.11 and 6.80 ± 0.14) was significantly greater than in control clones (see above, P < 0.05, n = 9-15) (Fig. 7) .
Figure 4. Synchronisation of GFPcontaining vesicles in terminal regions
a and e, after 2 h at 22°C there is loss of vesicles from terminal regions, and GFP is localised to a perinuclear zone (arrows). When cells are then incubated at 31°C, GFP-positive vesicles appear over the following 2-6 h and progress along processes to populate the expanded terminal region (arrowheads). b and f, 2 h; c and g, 4 h; d and h, 6 h. Sham (a and d) and VMAT2-co-transfected clones (e and h). Scale bar 20 µm.
Modulation of vesicular pH by VMAT2 activity
We attributed the raised pH in secretory vesicles expressing VMAT2 to the transport activity of the protein. To test this idea, we examined the effect of reserpine on vesicular pH. In these experiments we studied vesicles of defined age produced by incubation at 22°C followed by a chase at 31°C for 6 h in the presence or absence of reserpine (see above). Incubation with reserpine significantly lowered intravesicular pH in Gas-GFP-and VMAT2-expressing cells to 5.79 ± 0.06, in keeping with the idea that VMAT2 produced an increase in granular pH (P < 0.05) (Fig. 7) . In contrast, reserpine had no effect on vesicular pH in cells expressing Gas-GFP but not VMAT2.
Expression of VMAT2 inhibits cleavage of G34
In order to determine whether VMAT2 expression regulated prohormone cleavage we conducted pulse-chase labelling studies of progastrin cleavage using [ 35 S]sulphate. The appearance and relative abundance of labelled G34 and G17 in transfected HIT-T15 cells were consistent with progressive cleavage of G34 to G17 from 40-160 min after labelling. Moreover, the cleavage of G34 was dependent on vesicle acidification as it was inhibited by 5 mM NH 4 Cl (control: 73.4 ± 5.3 % G34 cleaved after 80 min chase, compared with 35.5 ± 1.8 % in ammonium chloride; P < 0.01, t test). Co-expression of preprogastrin and VMAT2 was associated with inhibition of G34 cleavage at each time point (Fig. 8) . The expression of VMAT2 was not associated with changes in the initial rate of appearance of G34, or of total counts in G34/G17, indicating no effect on cleavage at other sites in progastrin, or COOH-terminal amidation (not shown). The VMAT2 inhibitors reserpine (1 µM) and tetrabenazine (1 µM) reversed the delayed cleavage of G34 in VMAT2-expressing clones (Fig. 8) , but not in control clones (expressing preprogastrin but not VMAT2). These data therefore indicate that in HIT-T15 cells, G34 cleavage is inhibited by raising vesicle pH and by co-expression of VMAT2. -transfection) , or pGas-GFP and pVMAT2zeo a, a sham co-transfected cell; c and e, the same field after permeabilising cells with buffer at pH8 and pH5, respectively. b, d and f, a cell co-transfected with pVMAT2zeo and pGas-GFP, in control conditions (b) and after permeabilisation at pH 8 (d) and pH5 (f), respectively. Scale bar 25 µm G34:G17 in medium was similar to that in cell extracts, and was significantly greater in the VMAT2-expressing cells (Fig. 9) . Thus VMAT2 expression inhibits cleavage in a pool of secretory granules available for evoked secretion, thereby determining the identity of the secreted peptide product.
VMAT2 expression influences the identity of secreted gastrins
DISCUSSION
Communication between cells in the nervous and endocrine systems depends on the evoked exocytosis of transmitter molecules, including regulatory peptides and biogenic amines. At target cells, there are many examples of interaction between these two classes of signalling molecule (Hokfelt, 1991) . The results of the present study suggest a novel class of interaction that determines the identity of the regulatory peptide secreted. We have shown that expression of VMAT2, which is responsible for biogenic amine loading in secretory granules, is associated with modulation of a pH-sensitive cleavage step in progastrin processing. Moreover, VMAT activity leads to an increase in secretory vesicle pH as revealed by fluorescence of a pH-sensitive form of GFP. We propose, therefore, that in neuroendocrine cells, the VMATs responsible for loading biogenic amines may also modulate internal pH over a range that influences prohormone cleavage. There is widespread expression of C. G. Blackmore and others A, in two clones each, the pH in both vesicles and Golgi region was significantly (**P < 0.01) higher in VMAT2-expressing cells. B, reserpine depressed pH in vesicles of VMAT2-expressing cells, but not control cells; mean of at least 3 independent experiments; *P < 0.05, **P < 0.01.
VMATs in neuroendocrine cells (Weihe et al. 1994) , so that this mechanism may influence the cleavage of many different regulatory peptide precursors and would account for the observation that the VMAT inhibitors reserpine and tetrabenazine increased cleavage of chromogranin A and proenkephalin as well as gastrin (Wilson et al. 1980; Eiden et al. 1984; Wilson, 1991; Watkinson & Robinson, 1992; Wolkersdorfer et al. 1996; Voronina et al. 1997 ).
The HIT-T15 cells used in this study exhibit many similarities to human G-cells, and some important differences that are experimentally useful. Wild-type Gcells and HIT-T15 cells express both prohormone convertase type 1/3 and type 2 (PC1/3 and PC2) (Macro et al. 1997; Bishop et al. 1998) . Unlike normal G-cells, however, HIT-T15 cells do not express VMATs, which offers the opportunity to experimentally restore the capacity for amine transport; moreover their morphology readily allows detection of secretory vesicles progressing from the Golgi to terminal regions. The present findings extend previous studies in native G-cell by showing that (a) expression of VMATs is sufficient to confer the capacity to inhibit precursor cleavage, (b) that VMAT expression is capable of raising pH in secretory vesicles approximately 1 pH unit, (c) that the VMAT inhibitor reserpine blocks both the inhibition of G34 cleavage and the increase in vesicle pH, and (d) the effects of VMAT on pH and prohormone cleavage are similar to those produced by ammonium chloride.
Studies using immunocytochemical detection of the weak base 3(2,4-dinitroanilino-)-3fi-amino-Nmethyldipropylamine (DAMP) showed that secretory vesicles in b-cells of the islets of Langerhans were acidic and that proinsulin cleavage was associated with an acidic interior in secretory vesicles (Rhodes et al. 1987) . Recent studies of the pH in the secretory pathway have made use of targeted fluorescent probes as well as a pH-sensitive form of GFP (Kim et al. 1996; Demaurex et al. 1998; Han et al. 1999) . A variety of secretory vesicle proteins have been used as targeting vector for sequestration of GFP in secretory vesicles, including chromogranin B, neuropeptide Y, tissue plasminogen activator and atrial natriuretic peptide Lang et al. 1997; Lochner et al. 1998; Han et al. 1999 ). The ]sulphate-labelled G17 and G34, after 80 min chase following 15 min pulse labelling in a control clone expressing preprogastrin (A), and in a clone co-expressing VMAT2 (B). C, the time course of cleavage of G34 in VMAT2-expressing cells (0) and in control cells (ª) (bars are means ± S.E.M. for 3 independent experiments). D, reversal of the inhibition of G34 cleavage in cells expressing VMAT2 by 1 µM reserpine or tetrabenazine (4); **P < 0.01 (t test) vs control; in control (sham co-transfected) cells, reserpine and tetrabenazine had no effect. Mean of at least 3 independent experiments; similar results were obtained with 2 separate clones of preprogastrin/VMAT2 expressing cells, and of preprogastrin/sham co-transfected cells.
preprogastrin-GFP chimera used here retained the Arg 94,95 of progastrin which is normally cleaved rapidly when the precursor leaves the TGN (Varro et al. 1994 ) and which is not sensitive to raising secretory vesicle pH. The detection of amidated gastrin generated from the chimera therefore provides an indicator of the targeting and liberation of GFP in secretory vesicles. The present estimates of pH in secretory vesicles in HIT cells are consistent with previous reports using other experimental approaches (Hutton, 1982; Mellman et al. 1986; Orci et al. 1986; Johnson, 1988) , but the use of GFP as a pH reporter offers the advantage of allowing pH determination in secretory vesicles in intact living cells.
It is clear that vH
+ -ATPase activity is required for cleavage of prosomatostatin in the TGN (Xu & Shields, 1994) , and secretogranin II (Urbe et al. 1997) , insulin (Rhodes et al. 1987) and progastrin (Voronina et al. 1997) in secretory vesicles. The pH optima of both PC1/3 and PC2 is between 5.5 and 6.0 (Bailyes et al. 1992 (Bailyes et al. , 1995 Zhou & Lindberg, 1993 . However, the relationships between pH and the activity of prohormone convertases are complex. For example, over the range pH 6 to 7 the catalytic activities of the 88 and 78 kDa forms of PC1/3 are reported to differ (Zhou & Lindberg, 1994) . Moreover, the effect of pH on the activity of PC1/3 and PC2 was modified when these proteins were expressed in a membrane-tethered form compared with the soluble forms (Bruzzaniti et al. 1999) . Inhibition of cleavage of G34 may reflect a direct modulation of PC activity by raised intravesicular pH. However, G34 cleavage is thought to be mediated by PC2 (Dickinson et al. 1995) , the maturation of which is reported to depend on secretory vesicle acidification (Lamango et al. 1999 ). In addition, there are other pH-dependent events within secretory vesicles that potentially influence prohormone cleavage. For example, the electron-dense core of secretory vesicles in G-cells is dissipated by increased pH (Voronina et al. 1997) , and vesicle proteins such as the chromogranins exhibit pH-and calcium-dependent aggregation, and membrane association (Yoo & Lewis, 1992) . Moreover transport of other small molecules, e.g. ATP, depends on the proton gradient (Njus et al. 1986 ). An increase in secretory vesicle pH may therefore be expected to influence several aspects of vesicle function, including the organisation of the secretory vesicle matrix, the capacity for transport of other small molecules and prohormone convertase maturation and activity. Thus while the present findings indicate a mechanism for modulating secretory vesicle pH over a range influencing prohormone cleavage, further work will be required to The vH + -ATPase generates a proton electrical gradient (∆p) and a pH gradient (Mellman et al. 1986 ). The vesicular monoamine-proton exchangers are thought to use the chemical gradient more than the electrical gradient (Njus et al. 1986; Schuldiner et al. 1995) . Possibly, VMAT activity leads to proton extrusion such that the proton pump is unable to maintain internal pH; alternatively re-protonation of accumulated amines transported by VMAT may raise intravesicular pH. The present data suggest that VMAT2 activity influences vesicular pH during the period that secretory vesicles mature and their peptide contents are cleaved. These effects are therefore distinct from those reported to occur in vesicles just prior to exocytosis. Thus in PC12 cells, calcium-dependent vesicle alkalinization was linked to exocytosis and solublisation of the peptide core of secretory vesicles (Han et al. 1999) . However, glutamate transport into vesicles in b-cells has been reported to stimulate exocytosis possibly by a mechanism involving vesicle acidification, so that the relationship between vesicle pH and exocytosis may vary between cell types.
Cleavage of G34 is functionally important because although G34 and G17 have similar affinities for the gastrin-CCK B receptor, they differ 5-fold in metabolic clearance rates (Walsh et al. 1976; Walsh et al. 1974) . Cleavage of G34 therefore results in lower and more transient increases in plasma gastrin concentration. The importance of maintaining concentrations of gastrin in plasma in the physiological range is emphasised by recent observations in mice in which the gastrin gene has been deleted, where there is little or no gastric acid secretion and there is impaired development of the gastric glands (Koh et al. 1997; Friis-Hansen et al. 1998) . Conversely, in transgenic mice that overexpress the gastrin gene, and have modestly elevated plasma gastrin concentrations, there is a long-term progression to gastric cancer (Wang et al. 2000) . Moreover, increased plasma gastrin is a risk factor for colon cancer (Thorburn et al. 1998) . The identification of a novel mechanism that determines the ratio of G34 to G17 released by endocrine cells therefore has clinical as well as physiological implications.
